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Use  of  Ultrasonic  Force  Microscopy  to  Image  the 
Interior  Nanoparticles  in  YBa2Cu307_x  Films 

Chakrapani  V.  Varanasi,  Vijay  Nalladega,  S.  Sathish,  Timothy  Haugan,  and  Paul  N.  Barnes 


Abstract — Nanoparticles  present  in  the  interior  of 
YBa2Cu307_x  (YBCO)  films  were  successfully  imaged  for  the 
first  time  by  using  an  ultrasonic  force  microscope  (UFM),  which 
can  also  operate  as  a  conventional  atomic  force  microscope  (AFM). 
Nanoparticles  of  Y2BaCu05  and  BaSn03  were  introduced 
into  YBCO  films  using  pulsed  laser  ablation  to  improve  critical 
current  density  via  enhanced  flux  pinning.  The  scanning  speed 
and  ultrasonic  frequencies  in  the  range  of  300-500  kHz  were 
optimized  for  each  sample  such  that  the  nanometer  sized  particles 
on  the  surface  as  well  as  from  the  film  interior  can  be  imaged 
with  good  contrast  and  resolution.  UFM  and  AFM  scans  taken 
of  the  same  locations  were  compared  to  show  the  advantages  of 
using  UFM  over  AFM.  We  demonstrate  that  UFM  can  be  used 
nondestructively  to  both  characterize  the  interior  nanoparticles 
introduced  in  YBCO  films  and  provide  high  resolution  images  of 
the  screw  dislocation  induced  terraces  present  in  the  films. 

Index  Terms — Fluxpinning,  nanoparticles,  nondestructive 
testing,  ultrasonic  force  microscopy,  YBCO  coated  conductors. 


I.  Introduction 

THE  critical  current  density  ( Jc)  in  applied  magnetic  fields  of 
superconducting  YBa2Cu307_x  (YBCO)  coated  conduc¬ 
tors  can  be  enhanced  by  incorporating  a  high  density  of  defects 
that  act  as  pinning  centers  for  the  fluxons  penetrating  the  material 
at  these  fields.  Pinning  is  effective  when  the  defect  size  ap¬ 
proaches  the  coherence  length,  ~2-4  nm  for  YBCO  at  77  K  [1]. 
It  has  been  shown  that  by  adding  nonsuperconducting  nanopar¬ 
ticles  such  as  Y2BaCu05  (Y211),  BaZr03,  and  BaSn03  in 
pulsed  laser  deposited  (PLD)  YBCO  films,  the  Jc  of  YBCO  coat¬ 
ings  can  be  significantly  improved  [2]— [8].  Other  second  phase 
particles  such  as  Y2O3  and  (Y,  Sm)203  were  also  introduced 
into  YBCO  deposited  by  other  methods  such  as  metal-organic 
deposition  (MOD)  and  metallo-organic  chemical  vapor  deposi¬ 
tion  (MOCVD)  to  improve  the  performance  [9],  [10] .  In  general, 
nanoparticles  can  pin  the  fluxons  very  effectively  via  collective 
pinning  if  the  appropriate  size  and  volumetric  density  are  main¬ 
tained.  This  method  of  second  phase  nanoparticulate  additions 
is  expected  to  be  economical  over  other  means  of  creating  the 
defects  such  as  ion  irradiation  [11],  etc. 

Manuscript  received  August  25,  2006.  The  Air  Force  Office  of  Scientific  Re¬ 
search  and  the  Propulsion  Directorate  of  the  Air  Force  Research  Laboratory 
supported  this  work. 

C.  V.  Varanasi,  V.  Nalladega,  and  S.  Sathish  are  with  the  University 
of  Dayton  Research  Institute,  Dayton,  OH  45469  USA  (e-mail:  chakra¬ 
pani  .  varanasi  @  wpafb .  af .  mil) . 

T.  Haugan  and  P.  N.  Barnes  are  with  the  Air  Force  Research  Laboratory, 
Propulsion  Directorate,  Wright-Patterson  AFB,  OH  45433  USA. 

Color  versions  of  one  or  more  of  the  figures  in  this  paper  are  available  online 
at  http://ieeexplore.ieee.org. 

Digital  Object  Identifier  10.1109/TASC.2007.897920 


To  optimize  the  YBCO  coated  conductor  performance 
through  the  addition  (irrespective  of  the  deposition  method)  of 
nanoparticles,  knowledge  of  the  particle  size  and  distribution  in 
the  YBCO  coatings  is  important.  This  information  is  needed  to 
correlate  with  the  pinning  properties  and  subsequently  modify 
the  process  for  further  improvements.  Since  the  particles  in  the 
coatings  are  very  small  (~2-20  nm  size),  transmission  electron 
microscopy  (TEM)  is  generally  used  for  characterization.  Al¬ 
though  the  TEM  images  provide  very  useful  information  about 
the  particles,  this  method  of  characterization  is  destructive 
in  nature  and  involves  careful,  laborious  sample  preparation. 
High  resolution  scanning  electron  microscopy  (SEM)  is  an 
alternative  method  that  can  be  used  to  image  the  nanoparticles. 
With  the  recent  advancements  in  field  emission  electron  guns, 
lens  detectors  (e.g.  Thru  Lens  Detectors),  etc.,  images  with 
nanometer  scale  resolutions  are  routinely  obtained  using  high 
resolution  SEMs  (e.g.  SIRION).  However,  the  SEM  charac¬ 
terization  also  needs  sample  preparation  that  is  destructive  in 
nature  by  either  applying  conductive  coatings  onto  the  YBCO 
films  or  slicing  the  film  to  characterize  the  interior  particles 
in  cross-sectional  images.  Both  of  these  methods  take  several 
days  to  determine  the  information  about  the  particle  size  and 
distribution  in  the  superconductors. 

A  nondestructive  technique,  such  as  an  ultrasonic  force  mi¬ 
croscope  (UFM)  can  be  very  useful  for  the  development  of  HTS 
coated  conductor  if  it  can  be  used  to  image  the  nanoparticles 
from  the  interior  of  the  sample  quickly.  Ultrasonic  force  mi¬ 
croscopy  (UFM)  has  been  demonstrated  as  a  quick,  nondestruc¬ 
tive  technique  to  image  the  internal  microcracks  and  structural 
defects  present  in  other  material  system  [12],  [13].  However, 
UFM  has  not  been  used  to  image  the  particles  present  in  YBCO 
superconductors  before.  Since  the  image  contrast  is  created  by 
the  differences  in  the  elastic  modulus,  it  could  be  possible  to 
image  second-phase  particles  embedded  in  a  matrix  of  different 
contrast,  such  as  the  nanometer- sized,  material  inclusions  in¬ 
tentionally  added  to  high  temperature  superconductors  (HTS). 
While  a  conventional  atomic  force  microscope  (AFM)  gives 
only  topographical  information,  the  UFM  is  capable  of  also 
imaging  the  defects  from  the  interior  of  the  sample. 

The  UFM  measures  the  surface  displacements  caused  by  an 
acoustic  wave  that  travels  through  the  thickness  of  the  sample 
and  forms  the  image  depending  upon  the  differences  in  the  am¬ 
plitude  of  the  vibrations  which  is  related  to  the  stiffness  of  the 
material.  It  has  been  found  that  in  many  materials,  even  if  con¬ 
trast  is  poor  in  AFM  images,  the  elastic  property  variations  im¬ 
aged  in  UFM  enhances  the  contrast  [14],  [15].  This  particularly 
becomes  useful  when  the  surface  topography  variations  imaged 
in  AFM  is  extremely  low.  As  an  example,  internal  micro-cracks 
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in  an  AI2O3  —  TiC  composite  can  be  imaged  as  a  distinctive 
crack  with  UFM  when  not  visible  with  AFM  [14].  The  free 
boundary  at  the  crack  contributes  more  contrast  due  to  the  in¬ 
creased  amplitude  of  the  acoustic  wave  in  the  immediate  vicinity 
of  the  crack.  On  the  basis  of  same  principle,  UFM  can  also  be 
used  to  detect  interface  delaminations  [13],  [16]  in  multilayer 
samples. 

With  the  differences  in  elastic  modulus,  it  is  quite  plausible 
for  UFM  to  image  any  second  phase  particles  embedded  in  the 
matrix  with  a  different  contrast,  resulting  in  an  image  that  distin¬ 
guishes  particles  from  the  matrix.  When  optimized,  this  method 
gives  the  opportunity  to  image  the  defects  in  coatings  in  thick¬ 
ness  of  100  nm  [17]  or  more.  The  depth  of  defect  detection 
depends  on  the  applied  force  and  the  probing  tip  radius  of  cur¬ 
vature.  For  thin  film  HTS  superconductor  samples  with  a  thick¬ 
ness  of  ~300  nm,  a  sampling  depth  of  100  nm  range  gives  most 
of  the  bulk  information  and  would  be  reasonable  to  image  by 
UFM  the  imbedded,  nanometer- sized,  material  inclusions.  As 
a  quick,  nondestructive  characterization  tool,  UFM  may  be  a 
highly  desirable  alternative  for  3-D  characterization  of  the  pin¬ 
ning  centers  in  superconducting  thin  films.  In  this  report,  the 
initial  results  are  presented  of  using  an  UFM  to  image  the  inte¬ 
rior  nanoparticles  present  in  YBCO  coatings. 

II.  Experimental 

All  the  YBCO  coating  samples  in  the  present  work  with 
nanoparticles  were  prepared  by  pulsed  laser  ablation  using  a 
248  nm  KrF  excimer  laser  (Lambda  Physik).  A  special  target 
was  made  with  a  BaSnOs  sector  placed  on  a  YBCO  target. 
Such  a  dual  phase  sector  target  was  successfully  used  to  intro¬ 
duce  nanoparticles  of  Y2BaCuOs  (Y211)  in  YBCO  coatings 
as  discussed  in  detail  elsewhere  [2].  As  the  target  is  rotated  each 
sector  is  ablated  periodically  causing  the  formation  of  nanopar¬ 
ticles  in  the  matrix.  Single  crystal  (100)  LaA103  substrates  were 
used  for  the  deposition  of  the  YBCO  +  BaSn03  composite 
coatings  which  had  a  thickness  of  ~350  nm.  The  magnetization 
critical  current  density  ( Jcm)  of  the  YBCO  +  BaSn03  samples 
were  obtained  at  77  K  using  a  vibrating  sample  magnetometer 
(Quantum  Design  PPMS)  and  compared  with  a  typical  YBCO 
sample.  To  demonstrate  material  diversity  for  the  UFM,  ad¬ 
ditional  samples  were  deposited  by  PLD  using  a  technique 
where  two  separate  Y211  and  YBCO  targets  were  alternated 
during  the  ablation  to  create  the  particulate  dispersion.  This 
resulted  in  a  multilayered  sample  where  the  Y21 1  nanoparticles 
were  sandwiched  between  nanolayers  of  YBCO  [3].  In  this 
particular  sample,  the  layers  were  terminated  with  a  final  Y211 
nanoparticle  layer.  The  total  thickness  of  the  film  in  this  sample 
was  ~290  nm. 

YBCO  coated  conductor  samples  were  also  prepared  for 
imaging  by  UFM.  Biaxially  textured  Ni-5  at  %W  substrates 
were  buffered  with  layers  of  Ce02,  yttria-stabilized  zirconia 
(YSZ),  and  Ce02  in  that  order  by  pulsed  laser  ablation.  A 
final  YBCO  layer  was  then  grown  on  the  buffer  layers.  The 
deposition  conditions  used  for  the  various  layers  are  discussed 
elsewhere  [18].  The  total  thickness  of  both  Ce02  layers 
was  ~50  nm,  YSZ  was  ~500  nm,  and  the  YBCO  layer  was 
~300  nm. 


Fig.  1.  Magnetization  Jc  data  of  YBCO  and  YBCO  +  BaSn03  samples  mea¬ 
sured  at  77  K. 


A  Digital  Instruments  Dimension  3000  Nano  scope  III  AFM 
has  been  modified  in  house  to  operate  as  an  UFM.  Specific  de¬ 
tails  of  the  instrument  used  in  the  present  study  are  discussed 
elsewhere  [14].  Briefly,  to  perform  UFM  imaging,  an  ultrasonic 
transducer  operating  in  the  frequency  range  of  few  hundred  KHz 
to  1  MHz  is  attached  to  the  bottom  of  the  sample.  The  top  surface 
of  the  sample  is  in  contact  with  an  AFM  tip.  The  AFM  is  oper¬ 
ated  in  standard  contact  mode  and  both  AFM  and  UFM  images 
are  acquired  of  the  same  location.  To  optimize  the  conditions  for 
UFM  imaging,  a  good  AFM  image  is  first  obtained  and  then  the 
frequency  and  amplitude  of  acoustic  excitation  are  optimized  to 
obtain  a  clear  UFM  image.  The  images  presented  in  this  paper 
were  obtained  with  silicon  nitride  cantilevers  with  a  low  spring 
constant  (kc  =  0.12  N/m).  YBCO  coatings  on  (100)  LaAlOg 
and  multilayered  buffered  metallic  substrates  processed  with 
different  nanoparticles  (BaSn03,  Y2BaCuOs)  were  character¬ 
ized.  The  scan  speed  and  ultrasonic  frequency  (100-500  KHz) 
were  optimized  to  image  the  internal  nanometer- sized  particles 
as  well  as  the  particles  on  the  surface.  SIRION  high  resolution 
SEM  was  also  used  to  analyse  the  samples  for  comparison  to 
the  data  obtained  by  using  the  UFM. 

III.  Results  and  Discussion 

Fig.  1  shows  the  magnetization  critical  current  density  ( Jcm) 
data  of  the  YBCO  +  BaSn03  film  sample  compared  with  that 
of  a  typical  YBCO  film.  The  improvement  in  Jc  in  YBCO  + 
BaSnOg  film  was  found  to  be  more  than  an  order  of  magnitude, 
especially  at  higher  fields,  indicating  that  improved  flux  pinning 
in  these  samples.  More  details  on  the  flux  pinning  improvements 
are  discussed  elsewhere  [7]. 

Figs.  2(a)  and  2(b)  show  an  AFM  and  an  UFM  image,  respec¬ 
tively,  taken  of  a  YBCO  film  prepared  with  BaSn03  nanoparti¬ 
cles.  The  UFM  scan  shows  nanometer- sized  particles  from  the 
interior  as  well  as  on  the  surface  with  high  contrast  compared  to 
the  YBCO  matrix.  The  presence  of  such  nanoparticles  was  ver¬ 
ified  by  doing  plan  view  SEM  and  TEM  on  similarly  processed 
2  samples.  The  composition  of  these  particles  was  found  to  be  rich 
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(a)  (b) 


Fig.  2.  (a)  AFM  surface  topography  image  and  (b)  UFM  image  of  a  YBCO  + 
BaSn03  coating  sample.  A  frequency  of  225  KHz  and  a  scan  rate  of  1Hz  were 
used  to  generate  the  UFM  image.  Image  size  is  approximately  2x2  microns. 


(a)  (b) 


Fig.  3.  (a)  AFM  surface  topography  image  and  (b)  UFM  image  of  YBCO 
sample  with  multiple  layers  of  nm  sized  Y21 1  particles  and  YBCO  on  LaA103 
substrate.  A  frequency  117  KHz  and  a  scan  rate  of  1  Hz  were  used  to  obtain  this 
UFM  image.  One  of  the  subsurface  particles  present  in  the  image  is  identified. 


(a)  (b) 


Fig.  4.  (a)  AFM  surface  topography  and  (b)  UFM  image  of  YBCO  coated  con¬ 
ductor  sample  with  random  Y211  particles  and  with  a  stack  of  Ce02,  YSZ, 
Ce02,  and  buffer  layers  on  a  biaxially  textured  Ni-5  at  %W  substrate.  The  UFM 
images  were  obtained  at  an  acoustic  excitation  frequency  of  450  KHz  and  a  scan 
rate  of  1  Hz. 


in  Ba  and  Sn  (presumably  BaSnOg)  by  performing  energy  dis¬ 
persive  x-ray  analyses.  The  contrast  differences  in  the  UFM  im¬ 
ages  observed  is  likely  due  to  the  difference  in  stiffness  between 
the  YBCO  and  BaSnOg  materials.  The  location  of  the  image 
was  chosen  due  to  the  cluster  of  particles  periodically  found  on 
the  surface  of  PLD  films  for  contrast  comparison.  The  presence 
of  such  BaSnOg  nanoparticles  is  believed  to  be  responsible  for 
observed  flux  pinning  enhancement. 

Fig.  3(b)  shows  an  UFM  image  acquired  on  the  Y21 1  pinned 
YBCO  sample  deposited  on  a  (100)  LaA103  single  crystal  sub¬ 
strate  and  for  comparison  the  AFM  image  (Fig.  3(a))  of  the  same 
location.  It  can  be  seen  that  in  the  UFM  image,  the  nanometer 
sized  Y21 1  particles  (verified  to  be  Y21 1  by  TEM  analyses)  on 
the  surface  appear  with  good  contrast  compared  to  the  AFM 
image.  Additionally,  internal  Y211  particles  of  nanometer  size 
were  also  detected  in  the  UFM  image  again  due  to  differences 
in  stiffness  between  YBCO  and  Y21 1.  One  of  them  is  indicated 
by  an  arrow.  In  the  current  UFM  images,  Y211  nanoparticles 
from  the  inside  of  the  film  are  projected  onto  a  two-dimensional 
surface. 

Fig.  4  shows  AFM  and  UFM  images  of  YBCO  coated  con¬ 
ductor  sample  prepared  with  multiple  buffer  layers  of  Ce02, 
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Fig.  5.  High-resolution  Scanning  Electron  Micrograph  (SEM)  showing  the 
growth  spirals  in  YBCO  grains  of  a  coated  conductor  sample.  This  image 
was  taken  using  a  high  resolution  SIRION  microscope  with  thru  lens  detector 
(TLD). 


yttria  stabilized  zirconia  (YSZ),  Ce02  and  YBCO  on  a  biaxially 
textured  Ni-5  at  %W  substrate.  In  the  UFM  image,  Fig.  4(b),  of 
this  particular  sample,  the  growth  spirals  present  in  individual 
grains  can  be  seen  clearly.  With  the  UFM,  such  a  high  reso¬ 
lution  images  resolving  the  terraces  of  the  spirals  present  in 
the  grains  were  not  achieved  previously.  In  the  standard  AFM 
image,  Fig.  4(a),  such  spirals  were  not  typically  observed. 
Fig.  5  shows  a  high  resolution  SEM  picture  of  a  similar  sample 
(PLD  deposited  YBCO  coating  on  Ce02/YSZ/Ce02  buffered 
Ni-5at.%W)  showing  the  spirals/terraces  as  observed  in  UFM. 
This  confirms  that  the  spirals  imaged  with  the  UFM  are  indeed 
the  surface  terraces.  It  can  also  be  seen  that  there  are  some  fine 
nanoparticles  sparsely  scattered  in  these  samples.  The  SEM 
image  was  taken  using  a  high  resolution  SIRION  microscope 
using  thru  lens  detectors  (TLD)  which  made  it  possible  to 
image  these  particles.  This  information  was  readily  obtained  by 
using  an  UFM  in  air  with  minimal  sample  preparation. 
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IV.  Conclusions 

UFM  was  successfully  used  to  image  the  nm-sized  parti¬ 
cles  and  growth  spirals  in  the  YBCO  films.  Nanoparticles  of 
BaSn03  and  Y211  that  were  present  on  the  surface  as  well  as 
in  the  interior  were  imaged  simultaneously  with  good  contrast. 
The  initial  results  presented  here  demonstrates  the  capability 
of  the  UFM  to  accomplish  this  and  that  improvements  can  now 
be  considered  to  extend  the  imaging  to  graphically  present  3-D 
images  with  multiple  varied  scans  and  appropriately  developed 
software.  Of  particular  interest  is  that  UFM  is  nondestructive 
in  nature,  does  not  need  extensive  sample  preparation,  and 
its  imaging  can  be  performed  in  ambient  air.  Since  UFM  is  a 
nondestructive  technique,  samples  can  be  reused  for  further 
characterization  of  the  same  sample.  This  will  allow  for  rapid 
process  optimization  to  obtain  the  desired  size  and  distribution 
of  the  nanoparticles. 
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